In silico selection of therapeutic antibodies for development: Viscosity, clearance, and chemical stability Contributed by Ken A. Dill, November 17, 2014 (sent for review August 6, 2014) For mAbs to be viable therapeutics, they must be formulated to have low viscosity, be chemically stable, and have normal in vivo clearance rates. We explored these properties by observing correlations of up to 60 different antibodies of the IgG1 isotype. Unexpectedly, we observe significant correlations with simple physical properties obtainable from antibody sequences and by molecular dynamics simulations of individual antibody molecules. mAbs viscosities increase strongly with hydrophobicity and charge dipole distribution and decrease with net charge. Fast clearance correlates with high hydrophobicities of certain complementarity determining regions and with high positive or high negative net charge. Chemical degradation from tryptophan oxidation correlates with the average solvent exposure time of tryptophan residues. Aspartic acid isomerization rates can be predicted from solvent exposure and flexibility as determined by molecular dynamics simulations. These studies should aid in more rapid screening and selection of mAb candidates during early discovery.
monoclonal antibodies | viscosity | degradation | prediction | pharmacokinetics T reatment of certain chronic ailments, e.g., rheumatoid arthritis, using mAb-based therapies require delivery via the s.c. route for patients' at-home use, self-administration, and compliance (1) . To deliver several hundred milligrams of the active drug in a small volume (∼1 mL) into the s.c. space, a liquid formulation containing high concentrations of mAb is required (1, 2) . Therefore it is essential that the lead clinical mAb candidate meets the following criteria: (i) an injectable solution of low viscosity (higher viscosity solutions are difficult to manufacture and administer, and could be painful to inject) (2); (ii) minimal chemical/physical degradation in solution such that the efficacy and safety is maintained; and (iii) a normal in vivo clearance profile to avoid multiple injections and/or more frequent dosing (3, 4) .
Effort must be spent early on to screen for lead mAb candidates, which exhibit desirable physicochemical and biological attributes. Inclusion of computational in silico tools along with experimental approaches will enable rapid screening of a larger number of mAb candidates (5) (6) (7) .
In this report, we describe in silico screening approaches that aid in selection of mAb candidates with respect to viscosity, in vivo clearance in Cynomolgus monkeys (a relevant preclinical model for human clearance), Trp oxidation, and Asp isomerization. We show that using the optimal parameters extracted from sequence and/or structure including molecular dynamic simulations, the desirable attributes of mAbs can be predicted to enable lead candidate selection.
Viscosity mAbs, differing largely in the complementarity determining region (CDR) sequence or in the Fv domain, exhibit a variety of viscosity-concentration profiles under similar conditions of shear rate (Fig. 1A) . Recognizing that for mAbs of similar isotype (IgG1 in the present case), the variable domain Fv (and the CDRs within) presumably plays a critical role in defining intermolecular interactions leading to differences in viscosity (8, 9) , we set out to determine what parameters can be extracted to capture the contributing hydrophobic and electrostatic elements (10, 11) . It has been postulated recently that such interactions may produce molecular entanglements, leading to increased viscosity (12) . We focused on sequence only because this provided the simplest means of data generation and analysis. However, we note that any of the parameters discussed below and calculated from the sequence can be readily calculated from structure as well (Figs. S1 and S2). As shown (Figs. S1 and S2), the sequence-based calculations correlate with structure-based calculations.
The parameters calculated were (i) net charge of Fv at a given pH (pH 5.5 in this study), (ii) Fv charge symmetry parameter (FvCSP) between the V H and V L domain at pH 5.5, and (iii) the hydrophobicity index (HI) of the Fv. The net charge potentially contributes to repulsive interactions, whereas FvCSP and HI can potentially contribute to attractive interactions. The FvCSP parameter represents similarity in the net charge states of the VH and VL domains. We hypothesized that a lack of charge symmetry, i.e., opposite net charges (negative FvCSP), provides an opportunity for the Fv domain to interact with another Fv domain through a dipole-like interaction or with another charge patch present on the mAb (11, 13) . Therefore, a greater negative FvCSP Significance mAbs are increasingly being used for treatment of chronic diseases wherein the subcutaneous delivery route is preferred to enable self-administration and at-home use. To deliver high doses (several hundred milligrams) through a small volume (∼1 mL) into the subcutaneous space, mAb solutions need to have low viscosity. Concomitantly, acceptable chemical stability is required for adequate shelf life, and normal in vivo clearance is needed for less frequent dosing. We propose in silico tools that provide rapid assessment of atypical behavior of mAbs (high viscosity, chemical degradation, and fast plasma clearance), which are simply predicted from sequence and/or structure-derived parameters. Such analysis will greatly improve the probability of success to move mAb-based therapeutics efficiently into clinical development and ultimately benefit patients.
value is expected to lead to stronger attractive interactions. We recognize that the actual structural conformation could distribute the charge asymmetry in a way that may not be captured as defined above by the sequence. However, our sequence-based calculations provide a reasonable first approximation to the lack of charge symmetry that is relatively easy to compute.
We examined correlations between these three parameters and experimental viscosity values (measured at 180 mg/mL in a 200 mM arginine-based buffer at pH 5.5) for a set of 14 different mAbs ( Fig. 1 B-D) . A fair correlation is observed between the Fv charge and viscosity (Pearson's r = −0.8) and between FvCSP and viscosity (Pearson's r = −0.8); however, the correlation somewhat weakens between HI and viscosity (Pearson's r = 0.6). Evidently, electrostatic interactions play a dominant role in modulating viscosity, whereas hydrophobicity contributes to the overall viscosity of these mAbs to a less extent under these solution conditions. A stronger correlation between the FvCSP and viscosity points to the fact that the charge asymmetry between the VH and VL domain potentially plays a role in modulating viscosity.
Next, we used principal component regression (PCR) analysis for providing a predictive model for viscosity. Viscosity at 180 mg/mL at 25°C was used as the independent variable. Fv charge represented as q, FvCSP represented as q sym , and HI represented as ϕ were used as dependent variables. The details of the calculated parameters are shown in Table S1 . The observed experimental viscosity values at 180 mg/mL for various mAbs are plotted against the predicted viscosity values as obtained through the best-fit equation, together with a 90% CI (Fig. 1E) . The bestfit equation is described as η; cPð180 mg=mL; 25°CÞ = 10^Â0:15 + 1:26ð0:60Þ p ϕ − 0:043ð0:047Þ p q − 0:020ð0:015Þ p q sym Ã :
The coefficients are specific to this buffer system and the respective protein concentration. The SEs associated with the coefficients are indicated in parentheses next to the coefficients. Overall, a strong correlation (Pearson's r = 0.9) and a mean absolute error of 7 ± 9 cP at 180 mg/mL between observed and predicted values demonstrates that the model works well in predicting viscosity values. To further test the validity of the model, we used the leave-one-out cross-validation (LOOCV) approach. PCR analysis was performed while leaving out one mAb and using the remaining mAbs as the training set; the resulting best-fit equation was then used to predict the viscosity of the left-out mAb; the steps were then repeated for each mAb. A strong correlation is observed (Pearson's r = 0.8) with a mean absolute error of 9 ± 10 cP between the predicted and the observed viscosity values ( Fig. 1F and Table S1 ). Based on this analysis, we show that the current training set and the resulting output model (Eq. 1) enables prediction of the viscosity values for mAbs of the IgG1 isotype. The model equation obtained through PCR regression analysis, using the sequence-derived theoretical parameters, is effective in predicting the viscosity for this protein-buffer system involving the antibodies of the IgG1 isotype. This approach can be extended to other buffer systems, as well as other IgG subclasses, as long as the critical theoretical parameters contributing to viscosity are identified. Based on the type of buffer systems and solution conditions, it is likely that other parameters, for example, related to ion binding, may need to be included to generate an effective predictive model.
Clearance
Antibodies within a similar isotype exhibit vast differences in plasma clearance in humans and in Cynomolgus (Cyno) monkeys (an established preclinical model) (14) . A few studies have shown such differences to be correlated to pI or specific mutations in the sequence (15, 16) ; however, no clear trend is reported. The underlying cause for faster clearance has been attributed to off-target/ nonspecific binding of the mAbs in vivo (14) , presumably through hydrophobic and/or electrostatic interactions. We set out to explore whether any of the sequence properties would predict the differences in Cyno clearance. We hypothesized that any extremes of such properties in the variable domain, such as pI, charge, or hydrophobicity, would translate into the antibody exhibiting a faster Cyno clearance. Based on data previously published, a clearance value of ≥10 mL/kg per day (i.e., amount of drug cleared from plasma volume in a given unit of time for a given body weight) in Cyno monkeys was designated as faster clearance, and a value of <10 mL/kg per day was designated as normal clearance (14) .
A large set of IgG1 mAbs (61 mAbs) was evaluated for their Cyno clearance at the maximum administered dose (ranging from 10 to 100 mg/kg). As reported previously (14) , no clear correlation was observed between the calculated mAb pI or HI and clearance ( Fig. S3 A and B) . Rather than evaluating the molecular properties of the whole mAb, our next step was to examine if differences in the variable domain, Fv, would be more discriminating with respect to clearance rates. To this end, Fv charge in a certain pH range (pH 5.0-7.5) was calculated and compared against the clearance values. A broader pH range was covered to include physiological and the endosomal pH (antibody clearance involves FcRn salvation through the endosomal environment that has low pH, pH 5-6) (3). Furthermore, it was examined if hydrophobicity of certain CDRs would correlate better with clearance rather than the overall CDR or Fv hydrophobicity.
To simplify our analysis, a test set of 14 mAbs, similar to that used in ref. 14, was first used to cover the full range of clearance values ( Fig. 2A) . The mAbs in the training set were arranged in decreasing order of clearance values. We evaluated criteria that would allow us to separate out the two groups of mAbs (≥10 vs. <10 mL/kg per day). Examination of the calculated parameters revealed that faster clearing mAbs tend to have higher hydrophobicity among three specific CDRs (LC CDR1, LC CDR3, and HC CDR3). A calculated sum of the HI values of these three CDRs was used to simplify further analysis. The averaged HI sum for the mAbs in the faster clearing group is significantly higher that those in the normal clearing mAbs (3.9 ± 1.4 vs. 2.5 ± 0.7, respectively, P = 0.045, unpaired t test). With respect to the Fv charge, we noticed that at pH 5.5 (which coincidentally happens to be in the endosomal pH range), all six mAbs with normal clearance values tend to have charge values between 0.4 and 6.1, whereas five of eight mAbs that clear faster have charge values outside this range. We noticed that the charge and selective HI of CDRs are complementary to each other in differentiating faster clearing mAbs, i.e., those mAbs with charge values between 0.4 and 6.1 in the fast clearance group have a relatively higher HI sum value. This data analysis indicates that either high hydrophobicity of certain CDRs or extremes of Fv charge values (either high negative or high positive) could be predictive of mAbs with faster clearance.
The above analysis led to developing the criteria to differentiate faster clearing mAbs from those with normal clearance (Fig.  2B ). In the training set, if we set arbitrary criteria that mAbs with the HI sum value of >4.0 and/or an Fv charge value of either ≤0 or ≥6.2 are at risk for exhibiting faster clearance, whereas those with the hydrophobicity sum value of ≤4.0 and Fv charge values within 0-6.2 will exhibit normal clearance, then faster clearing mAbs (colored red) are clearly separated compared with the normal clearing mAbs (colored green).
We extended these criteria to a set of 61 mAbs to test its validity. To facilitate visualization of such analysis, we converted the data into a graphical format using the The Fv charge and HI sum as the two axes (Fig. 2C) . Each mAb is plotted on the graph based on their respective charge, and HI sum values and the size of each data point are proportional to the clearance value of that mAb (by area). All Cyno clearance values of ≥10 mL/kg per day are represented by red dashed circles, whereas the remaining mAbs with normal clearance are represented by green solid circles. The solid line square box represents the charge-HI sum criteria based on the training set. It is evident that the criteria hold up well for the complete set of 61 mAbs including the test mAbs. Based on either high HI sum or Fv charge extremes, we were able to correctly predict faster Cyno clearance for 10 of 13 (77%) mAbs (86% including the training set mAbs) and normal Cyno clearance for 24 of 34 (70%) mAbs (75% including the training set mAbs). predicted outcome, it also becomes clear that probability of assigning normal clearance based on charge and hydrophobicity is much higher (only 3 mAbs are fast clearing that were predicted to be normal) compared with assigning faster clearance (10 mAbs are normal clearing that were predicted to be fast). Overall, our analysis essentially establishes the ability of using fundamental molecular properties of charge and hydrophobicity in assessing the clearance of mAbs in Cynomolgus monkeys.
Trp Oxidation and Asp Isomerization
Along with low viscosity and normal clearance, a liquid formulation is paramount to enable at-home administration because of its ease of use with a device. Chemical stability (prevention of amino acid side chain modification) is required to enable a liquid formulation for prolonged shelf-life. We used all-atom molecular dynamics (MD) simulations with explicit water to enable ranking the relative liability of Trp oxidation and Asp isomerization, common degradation pathways that can limit the viability of an aqueous mAb solution for injection. A homology model-based approach has been recently reported to assess Asp isomerization (17) . For Trp oxidation, we examined the correlation between MD generated time-averaged solvent-accessible surface area (SASA) and the extent of oxidation of Trp residues by 2,2′-azobis (2-amidinopropane) dihydrochloride (AAPH) (18) (Fig. 3) . We evaluated 38 Trp residues in 17 different mAbs, with most of these Trps present in CDRs except for 8 Trps that were present in the constant region of Fab domain (shown as open circles in Fig. 3) . Examination of the plot between % SASA and AAPHinduced oxidation clearly demonstrates a binary dependence on % SASA, wherein most Trps below a certain % SASA do not undergo oxidation, whereas most Trps with higher % SASA show significant oxidation. Historically we observed that AAPHinduced oxidation of Trps in mAbs is correlative of thermalinduced Trp oxidation. Based on our historical data available between % oxidation by AAPH and thermal-induced oxidation on a set of six mAbs, we defined a criterion where Trps with >35% oxidation were designated as oxidation labile Trps, and Trps with less than 35% oxidation were designated nonlabile Trps. Based on this criteria, we examined % SASA of Trp residues against reactive and nonreactive sites. This analysis revealed that a cutoff value of 30% SASA of Trp side chains (i.e., 80 Å 2 ) was largely sufficient to distinguish between reactive and nonreactive Trp sites. This selected criteria correctly identified 13 of 14 (93%) labile Trp residues and 20 of 24 (83%) nonlabile Trp residues ( Fig. 3 and Table S3 ). Therefore, we conclude that the timeaveraged SASA of Trp side chain is sufficient to be able to differentiate between the labile and the nonlabile Trp residues to enable risk ranking against oxidation risk. It should be noted that the current model addresses organic free radical-induced Trp oxidation and may need to be modified to expand its utility toward other oxidation pathways such as light-induced or metalinduced oxidation.
For Asp isomerization, multiple variables related to Asp residues were generated from MD trajectories. Consistent with the Asp isomerization mechanism (19), we examined the following properties: time average SASA of Asp side chains, the peptide backbone N atom (−NH) of the n + 1 residue [SASA (n + 1), N], the peptide backbone H atom associated with -NH of the n + 1 residue [SASA (n + 1), H], intraresidue mutual information (MI) for Asp residues, Shannon entropy for φ-ψ distributions, and root-mean-square fluctuations for Cα atoms (RMSF). A number of Fabs, which contained both known labile and stable Asp residues, were chosen for MD calculations. The calculated output from MD simulations along with Asp sites is detailed in Table S4 . We focused on motifs, which have been previously demonstrated, to isomerize on timescales that impact shelf-life (DG, DS, DT, DD, DA) (20, 21) and excluded the remaining Asps.
The MD-derived parameters were compared against the experimental isomerization degradation rates at pH 5.5 and 40°C. For the mAbs studied, all CDR Asp residues were included with the exception of non-CDR Asp residues (framework residues) that were only listed for a single mAb. Data analysis was twofold. First, we separated labile residues (≥2.5%/wk) from stable residues (<2.5%/wk) and compared the average value of each of the properties among the two groups (labile and stable) of Asp residues. Three properties, namely the SASA, RMSF, and SASA (n + 1, N), showed significant differences (80% CI) among these two groups of Asp residues (Fig. 4A) . We next evaluated if a binary correlation could be established between experimental rates and MD-derived properties; i.e., can we simply differentiate sites with rates > 2.5%/wk, i.e., labile residues from ones with <2.5%/wk, i.e., stable residues. To this end, we assigned a value of 1 (labile) to rates of >2.5%/wk and a value of 0 (stable) to rates <2.5%/wk (stable) (Fig. 4B) . We then performed logistic regression using SASA, RMSF, and SASA (n + 1, N) as independent variables and the binary rate output as the dependent variable. The equation output as a result of this regression is shown as
The output of this equation was rounded off to one significant figure to deliver a result of either 1 (labile) or 0 (stable) and is shown in Fig. 4B . The logistic regression predicted five of six labile sites and all nine of nine nonreactive sites correctly. Essentially, the equation generated through logistic modeling enables us to use the three parameters [SASA, RMSF and SASA (n + 1, N)] to predict the susceptibility of an Asp residue to degrade at a rate greater than 2.5%/wk under the experimental conditions tested. We tested the validity of the model using the LOOCV approach similar to that of viscosity analysis, wherein we predicted five of six labile sites and seven of nine nonreactive sites. Although the number of sites correctly predicted was reduced a little, a total of 12 of 15 sites (80%) were still correctly predicted and therefore the model was deemed satisfactory. Finally we note that, although this modeling approach is specific to the current experimental conditions, the underlying approach can be likely extended to any given experimental condition as long as the experimental rates are known for a set of Asp residues.
Discussion
Monoclonal antibodies are an important class of therapeutic agents for treating diseases including cancers, autoimmune disorders, and infections. For manufacturability, ease of use, patient convenience, and less-frequent dosing, it is critical to develop low-viscosity formulations having adequate shelf-life using mAb candidates that exhibit normal clearance, and an expected long plasma half-life. Here, we show surprisingly good predictive power for these properties from simple physical properties-such as hydrophobicity, net charge, charge distribution, flexibility, and solvent accessibility-that are readily obtainable from amino acid sequence and MD simulations of individual mAbs molecules.
Hydrophobicity and dipolar charge distribution increase the solution viscosity, whereas protein charge decreases it. Previous experimental work has demonstrated that viscosity of mAb solutions is modulated through protein-protein interactions involving hydrophobic and electrostatic forces (10, 11) . Our findings through use of in silico tools remarkably align well with these experimental observations. For in vivo clearance of mAbs, the correlation between normal vs. fast clearance and fundamental mAb properties is indeed striking. Fast clearance of mAbs has been attributed to nonspecific antigen-independent binding of mAb in vivo such that it becomes undetectable in plasma (14) . At the fundamental level, these nonspecific interactions (and most biological protein-protein interactions) are driven by the same physical forces of electrostatics, hydrophobic, van der Waal's, etc. We demonstrated that these forces/interactions can be extracted from simple sequence-based analysis and used to differentiate between faster clearing and normal clearing mAbs. A sequence-based analysis was likely effective because of the use of a single isotype of mAbs, i.e., IgG1 in this study. However, the overall approach can be extended to other isotypes/subtypes and a structure based analysis could be included to expand the overall scope. For site-specific properties such as Trp oxidation or Asp isomerization, our work is consistent with a previously published mechanism regarding which sites are reactive or nonreactive, affecting the shelf-life of the product. For Trp oxidation, time-averaged SASA can differentiate between reactive and nonreactive sites. For Asp isomerization, the mechanism is more complex. In summary, the correlations we observe here will be useful for more efficient selection of lead mAbs candidates as therapeutics.
Methods
All mAbs are of the IgG1 isotype expressed in Chinese Hamster Ovary (CHO) cells. It is noted that across different datasets used in this study, mAbs are represented by numbers, i.e., mAb1 and mAb2; however, a given mAb with the same number designation may not represent the same actual original mAb across different datasets.
Sequence-Based Parameters. The net charge for a given sequence at a given pH was calculated by adding up the contribution from all charged amino acids using the known pK a s of the side chains (22) Outcome of the logistical regression to enable prediction of labile vs. stable Asp sites. Logistic regression was performed using SASA, RMSF, and SASA (n + 1, N) as independent variables and the binary rate output as the dependent variable. All sites were assigned a value of 1 or 0 for labile and stable sites, respectively, based on a cutoff value of Asp degradation rate of 2.5%/wk at pH 5.5. Labile residues are shown in red and stable residues are shown in green. The predicted outcome was generated using the binary logistic model as described in the text. The model was validated using the LOOCV approach.
net charge on the VH domain and the VL domain at a given pH. A positive product is a result of either net positive charge or net negative charge on each domain. A negative product represents lack of charge symmetry between the two domains, i.e., one of the domain with a net negative charge and the other with a net positive charge. The hydrophobicity index (HI) was calculated as HI = −ð P n i E i = P n j E j Þ, where i represents the hydrophobic amino acids, i.e., A, C, F, I, L, P, V, W, and Y, and j represents the hydrophilic amino acids, i.e., D, E, G, H, K, M, N, Q, R, S, and T; n is the number of each amino acid, and E is the Eisenberg scale value of each amino acid (23) . The calculation can be easily transformed to a 3D structure of a protein where the parameter n is replaced by S, defined as the solvent accessible surface area of each amino acid (Fig. S2) .
Viscosity. Viscosity measurements were performed as described previously using an Anton Paar Physica MCR 501 cone and plate rheometer (Anton Paar) (24) .
Clearance. Clearance values in Cynomolgus monkeys used in this study were obtained from previously published data and additional data generated inhouse (14) .
MD Simulations.
MD starting structures. The structures of the Fabs were obtained either from the 3D crystal structure (if available) or a homology model generated using a local adaption of Modeler (25) . The Fab domain was used as the starting structure for MD before addition of ions (where needed) and explicit solvent molecules. MD analysis. All SASAs are calculated using g_sas of GROMACS (26); mutual information calculation is implemented locally similar to Lange and Grubmüller (27) . g_rsmf, g_hbond, and dssp of GROMACS were used to calculate the root mean square fluctuations, the hydrogen bonds, and the secondary structure status, respectively. Shannon entropy and mutual information were calculated using previously published methods (28) . MD simulations for aspartate isomerization and analysis followed that described previously (28), with solvation using TIP3P water (29) . MD simulations for tryptophan oxidation were conducted in a similar fashion except using Amber 11 (FF99SB fixed-charge force field; SASA was calculated using areaimol (30) ; 100-ns trajectories were used as they provided sufficient data within available computational power.
AAPH-Induced Trp Oxidation. AAPH-induced oxidation was carried out by mixing the mAb solution with AAPH at final concentrations of 1 mg/mL and 1 mM, respectively (18) . The solutions were incubated at 40°C for 16 h. The reaction was quenched by addition of 20 mM Met following by buffer exchange into a 20 mM buffer at pH 5.5 using PD-10 desalting columns. The solutions were then analyzed using tryptic digest followed by LC-MS/MS for site-specific Trp oxidation.
Experimental Determination of Asp Degradation Rates. mAb solutions were buffer exchanged using Centricon ultrafiltration tubes with a final formulation of 5 mg/mL protein in a 20 mM buffered solution at pH 5.5, 240 mM sucrose. Samples were placed at 40°C and withdrawn at t = 0, 14, and 28 d.
Thermal stressed samples were analyzed using tryptic peptide digest followed by LC-MS/MS. Protein samples were digested following published protocols (31) , and peptide mapping was performed on an Agilent 1200 HPLC system coupled to a Thermo Fisher LTQ Orbitrap mass spectrometer. The degradation level at each site was determined by extracted ion chromatography (EIC) using Xcalibur software (31) .
Regression Analysis. Principal component regression and logistic regression analysis were carried out using XLSTAT (Addinsoft).
